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Large conductance calcium- and voltage-activated K
 
 
 
channels (Slo1), also referred to as “BK” or “maxi K”
channels because of their high single channel conduc-
tance (250–300 pS in symmetrical 150 mM KCl), are
widely distributed in many different tissues (Kaczo-
rowski et al., 1996). A signature feature of BK channels,
in addition to their high K
 
 
 
 selectivity and conduc-
tance, is that they are activated in a highly synergistic
manner by both intracellular calcium ion (Ca
 
2
 
 
 
i
 
) and
depolarization (Marty, 1981; Pallotta et al., 1981; Bar-
rett et al., 1982; Latorre et al., 1982). This is shown in
Fig. 1, which plots channel open probability Po (z axis)
versus Ca
 
2
 
 
 
i
 
 (y axis) and membrane potential (x axis).
It is this synergistic activation that allows BK channels to
play key roles in controlling excitability in a number of
systems, including regulating the contraction of smooth
muscle, the tuning of hair cells in the cochlea, and reg-
ulation of transmitter release (Robitaille et al., 1993; Ra-
manathan et al., 1999; Brenner et al., 2000; Wang et al.,
2001). It is also this synergistic activation together with
the high single-channel conductance and the infre-
quent gating transitions to subconductance levels that
has made the BK channel such an attractive subject for
the study of gating mechanism. The dual activation of
the channel allows the Po to be biased into optimal
ranges for the study of activation by either voltage or
Ca
 
2
 
 
 
i
 
 by appropriate setting of the other parameter.
This review will focus on this author’s highly biased
view of some of the key experiments and observations
that have helped formulate our current concept of how
BK channels gate. Due to space limitations, the modu-
lation of the gating by 
 
 
 
 subunits is not included, and
most of the papers to be discussed will be recent papers
that are providing the ﬁnal ﬂashy assault to the summit,
rather than the earlier studies providing the crucial
stepwise slog up the mountain. The progress toward
understanding how BK channels gate is based on three
complimentary and essential approaches: kinetic analy-
sis, molecular biology, and 3-D structure. The greatest
progress has been made on kinetics and molecular bi-
ology. There is not yet a structure of BK channels, but
 
there are structures of related K
 
 
 
 channels from bacteria.
BK channels are tetramers (Shen et al., 1994). A
schematic diagram of one of the four 
 
 
 
 subunits that
assemble to form functional channels is shown in Fig.
2. Similar to the superfamily of voltage gated K
 
 
 
 chan-
nels (Butler et al., 1990; Isacoff et al., 1990; Wei et al.,
1990), BK channels contain transmembrane segments
S1–S6, including an S4 voltage sensor and a P region to
form the selectivity ﬁlter of the pore (Adelman et al.,
1992; Butler et al., 1993; Diaz et al., 1998; Cui and
Aldrich, 2000). In addition, BK channels have an S0
segment that places the NH
 
2
 
 terminus extracellular
(Meera et al., 1997) and a very large intracellular
COOH terminus that contains more than twice the
number of amino acid residues that are contained in
S0–S6 (Adelman et al., 1992; Butler et al., 1993). Wei et
al. (1994) found that they could cut the channel at an
unconserved linker between S8 and S9 (see Fig. 2) and
then express functional channels from the separate
cores and tails. The core can be further subdivided into
the transmembrane segments S0–S6 and an intracellu-
Figure 1. BK channels are activated synergistically by Ca2 
i and
depolarization (Barrett et al., 1982). Po, the percentage of time
that the channel is open, is plotted against Ca2 
i and membrane
potential. Appreciable channel activity requires both depolariza-
tion from the typical resting membrane potentials and elevation of
Ca2 
i above the typical resting level of 0.1  M.T
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lar RCK1 domain (regulator of the conductance of po-
tassium; Jiang et al., 2001), to be discussed later. Fur-
ther studies from Salkoff’s laboratory identiﬁed the
ﬁrst Ca
 
2
 
 
 
 regulatory site for BK channels, the Ca
 
2
 
 
 
bowl, which includes ﬁve consecutive aspartate residues
just before S10 (Schreiber and Salkoff, 1997; Schreiber
et al., 1998).
 
The Minimal Theoretical Kinetic Model for the Gating of a 
Tetrameric Channel with both Voltage and Ca
 
2
 
 
 
 Sensors on 
Each Subunit Is Given by the Eigen Model
 
Given the information of one voltage sensor per subunit
and at least one Ca
 
2
 
 
 
 binding site per subunit (it will be
argued later that there are at least three Ca
 
2
 
 
 
 binding
sites per subunit), what might be the minimal expected
kinetic gating mechanism for BK channels? This ques-
tion was addressed indirectly by Eigen (1968) for hemo-
globin (also a ligand binding tetramer) long before the
ﬁrst single-channel recordings. A simpliﬁed diagram of
the Eigen model (Fersht, 1984), as applied to BK chan-
nels, is shown in Scheme I, where there are 25 states.
The large numbers of states arise because each of the
four subunits can exist in four different conﬁgurations.
Squares indicate voltage sensors in the relaxed confor-
mation, circles indicate voltage sensors in the active con-
formation, unshaded squares and circles indicate the
absence of bound Ca
 
2
 
 
 
, and shaded squares and circles
indicate that a Ca
 
2
 
 
 
 is bound to the subunit. Since bind-
ing and conformational changes would not be expected
to occur exactly simultaneously, there are no diagonal
pathways connecting the different states. Scheme I is a
simpliﬁcation of the 35–55 possible states that would
arise if channels with diagonal and adjacent subunits
in different conﬁgurations have different properties
(Eigen, 1968; Cox et al., 1997; Rothberg and Magleby,
1999). Twenty-ﬁve states may seem overwhelming, but
this number follows immediately from a tetramer in
which each subunit can exist in four different conﬁgura-
tions due to activation by voltage and Ca
 
2
 
 
 
. Notice in
Scheme II that the Eigen model condenses to the 10-
state MWC model (Monod et al., 1965) if the four volt-
age sensors always move in a concerted manner.
SCHEME II
Figure 2. Schematic diagram of the   subunit
of BK channels. The Ca2  bowl, M513, and D362/
D367 indicate sites on Ca2  regulatory mecha-
nisms that when mutated decrease the high afﬁn-
ity Ca2  sensitivity. D81 is a similar type of site, but
is much less effective. E374/E399 deﬁnes a site on
a Ca2 /Mg2  regulatory mechanism that when
mutated decreases the low afﬁnity Ca2 /Mg2 
sensitivity. VPEI precedes the position of the stop
codon at 323 to make a truncated subunit (Pisko-
rowski and Aldrich, 2002). The various named
parts of the channel are indicated. The core and
tail domain are connected by a nonconserved
linker that also connects the RCK1 and the puta-
tive RCK2 domains (details in text).
SCHEME IT
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While the Eigen model is complex and is difﬁcult to
test without simplifying assumptions about which of the
states are open and which are closed and the types of
interactions among the subunits, it can be reduced to a
much simpler gating mechanism with only ﬁve states by
experimental manipulation. With 0 Ca
 
2
 
 
 
i
 
, the gating
would be conﬁned to the ﬁve states in the leftmost col-
umn where no Ca
 
2
 
 
 
 is bound, and with saturating
Ca
 
2
 
 
 
i
 
, the gating would be effectively conﬁned to the
ﬁve states in the rightmost column with four bound
Ca
 
2
 
 
 
 per channel (Scheme I). A simple test of the
Eigen model, then, would be to determine whether the
channel gates in ﬁve or fewer states, as all states may
not be entered or be detected, under the conditions of
0 and saturating concentrations of Ca
 
2
 
 
 
i
 
. The same ap-
proach can be used to test the MWC model, where the
channel should gate in a maximum of two states with 0
and saturating concentrations of Ca
 
2
 
 
 
i
 
.
 
The Eigen and MWC Models Are too Simple for the Gating of 
BK Channels
 
Proposed gating mechanisms for ion channels, such as
Scheme I, are typically assumed to represent discrete
state Markov models, in which the rate constants for
leaving any given state remain constant in time for
constant experimental conditions (Colquhoun and
Hawkes, 1981). This assumption appears valid for BK
channels, where the kinetic time constants of the gat-
ing are independent of previous single-channel activity
(McManus and Magleby, 1989). The number of kinetic
states can be estimated for discrete state Markov mod-
els by ﬁtting the distributions of the open and closed
 
interval durations (dwell-time distributions) with sums
of exponential components. The number of signiﬁcant
exponential components then indicates the minimal
number of kinetic states, as not all states may be
detected due to overlapping time constants and/or
small magnitudes of the exponential components (Col-
quhoun and Hawkes, 1981; McManus and Magleby,
1988). Estimates of the numbers of kinetic states en-
tered during gating in 0 Ca
 
2
 
 
 
 typically give 2–3 open
states plus 4–5 closed states for a total of 6–9 kinetic
states (Nimigean and Magleby, 2000; Talukder and Al-
drich, 2000), and estimates in saturating Ca
 
2
 
 
 
i
 
 give 3–4
open plus 5–6 closed states for a total of 8–10 kinetic
states (Rothberg and Magleby, 1999). Clearly, experi-
mentally observed gating in a minimum of 6–9 kinetic
states in 0 Ca
 
2
 
 
 
 and 8–10 kinetic states in saturating
Ca
 
2
 
 
 
i
 
 are inconsistent with both the Eigen model,
which predicts gating in a maximum of ﬁve kinetic
states under each extreme condition (Scheme I), and
also the MWC model, which predicts gating in a maxi-
mum of two states under each extreme condition
(Scheme II).
An alternative method of testing the Eigen and MWC
models is to examine whether there is correlation be-
tween the durations of adjacent open and closed inter-
vals. In both 0 Ca
 
2
 
 
 
i
 
 and saturating Ca
 
2
 
 
 
i
 
, these models
predict a linear gating mechanisms, shown by the
dashed boxes in Schemes I and II. While the Eigen
model (which was for hemoglobin) does not specify
which of the states are open and which are closed, if,
for purposes of discussion, it is assumed that the top
three rows in Scheme I are closed states and the bot-
tom two rows are open states, then the gating mecha-
nism in saturating Ca
 
2
 
 
 
i
 
 is given by Scheme III, which
has a single transition pathway between the open and
closed states. Consequently, this scheme predicts that
there would be no correlation between the durations of
adjacent intervals (Fredkin et al., 1985; McManus et al.,
1985; Colquhoun and Hawkes, 1987). Examination of
the durations of adjacent intervals from BK channels in
saturating Ca
 
2
 
 
 
i
 
 indicates a very pronounced correla-
tion: shorter open intervals are preferentially adjacent
to longer closed intervals, and longer open intervals
are preferentially adjacent to briefer closed intervals
(McManus et al., 1985; Rothberg and Magleby, 1998,
1999). Such a correlation requires that there be at least
two independent transition pathways between open
and closed states, in contrast to Scheme III from the
Eigen model in saturating Ca
 
2
 
 
 
, which has a single tran-
sition pathway. Thus, the observation under 0 and satu-
rating Ca
 
2
 
 
 
 of gating in more than ﬁve kinetics states
and also of correlations between adjacent open and
closed intervals in saturating Ca
 
2
 
 
 
 indicates that the
Eigen model is too simple to account for the gating of
BK channels, and can be rejected. On the same basis,
SCHEME IIIT
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the MWC model (Scheme II) can also be rejected, as it
predicts only two states and also no correlations under
extreme gating conditions.
 
Two-tiered Gating Mechanisms Are Minimal Gating 
Mechanisms for BK Channels
 
If the Eigen model is too simple, how then does the
channel gate? Detailed kinetic analysis suggests that the
gating at 0 Ca
 
2
 
 
 
 (Horrigan and Aldrich, 1999, 2002;
Horrigan et al., 1999; Nimigean and Magleby, 2000;
Rothberg and Magleby, 2000) and saturating Ca
 
2
 
 
 
(Rothberg and Magleby, 1999, 2000) are both consis-
tent with at least a 10-state model in each case, as indi-
cated by Schemes IV and V. These schemes are expan-
sions of the Eigen model at the extreme conditions of 0
Ca
 
2
 
 
 
i
 
 (Scheme IV) and saturating Ca
 
2
 
 
 
i
 
 (Scheme V),
with the further assumption that each of the states pre-
dicted by the Eigen model can exist in two major con-
formations: closed (top tier) and open (bottom tier).
The requirement for two-tiered gating mechanisms
suggests that the Ca
 
2
 
 
 
 sensors and voltage sensors
move separately from the open-closed conformational
change. Such separation of the sensor movement from
the opening/closing transitions is also observed for
other channels (Marks and Jones, 1992; Rios et al.,
1993; McCormack et al., 1994). It immediately follows
from Schemes I, IV, and V that the complete gating
mechanism for all ranges of Ca
 
2
 
 
 
i
 
, rather than just ex-
treme conditions, would be given by the 50-state two-
tiered model in Scheme VI (Horrigan and Aldrich,
1999; Horrigan et al., 1999; Rothberg and Magleby,
1999, 2000; Cox and Aldrich, 2000; Cui and Aldrich,
2000).
Rothberg and Magleby (2000) examined Scheme VI
to identify the voltage-dependent steps and determine
whether it could account for the Ca
 
2
 
 
 
 and voltage de-
pendence of the gating. They approached this problem
by reducing Scheme VI to a simpler two-tiered scheme
that would be more amenable to kinetic analysis by re-
ducing the numbers of states by combining some of the
states and deleting others that would be seldom en-
tered, and by reducing the number of possible transi-
tion pathways from 105 to 33. Computation time for
Q-matrix calculations is related to the square of the
numbers of states, so such a reduction in states allowed
the ﬁtting to be performed about fourfold faster, sav-
ing years of computing time. Rothberg and Magleby
(2000) estimated parameters for rate constants and
their voltage and Ca
 
2
 
 
 
 dependence by simultaneously
ﬁtting 6–10 sets of single-channel data obtained over
wide ranges of voltages and Ca
 
2
 
 
 
i
 
, using two-dimen-
sional methods to take into account the correlation in-
formation. Most parameters were allowed to be free,
with some limits being placed by also ﬁtting at the ex-
tremes of 0 and saturating Ca
 
2
 
 
 
i
 
, which conﬁned the
gating to Schemes IV and V, respectively. They found
that a reduced Scheme VI could account for the Ca
 
2
 
 
 
and voltage dependence of the single-channel kinetics
(dwell-time distributions) over wide ranges of Ca
 
2
 
 
 
i
 
(0–1024 
 
 
 
M), voltage (
 
 
 
80 to 80 mV), and Po (10
 
 
 
4
 
 to
0.96). The reduced Scheme VI also predicted single-
channel current records visually indistinguishable from
those observed experimentally.
The voltage dependence of the gating was found to
arise mainly from voltage-dependent transitions among
closed states (-C-C-) and among open states (-O-O-) as-
sociated with movement of the voltage sensors, with less
voltage dependence for transitions between open and
closed states (C-O), and with no voltage dependence
SCHEME V
SCHEME IVT
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for Ca
 
2
 
 
 
 binding and unbinding. Since a reduced
Scheme VI could account for the data, they concluded
that the full Scheme VI should give as good or better
descriptions of the single-channel kinetics than the re-
duced scheme.
Horrigan et al. (1999) and Horrigan and Aldrich
(1999) in a pair of elaborate papers have also carefully
examined the underlying mechanism of the voltage-
dependent gating of BK channels through studies of the
ionic and gating currents in 0 Ca
 
2
 
 
 
i
 
. Some of their key
observations are that a fast component of gating charge
moves faster than the opening and closing of the chan-
nel, and that there is an additional component of gating
charge that moves at the same time as the channel open-
ing and closing. These observations suggest that the volt-
age sensors can move independently and before the
closing-opening transitions, and that the closing-open-
ing transition itself is also voltage dependent. They also
observed that the deactivation of the K
 
 
 
 current was
not strictly exponential but started with a brief delay,
which would suggest that the deactivation can proceed
through several opening states before closing. With
these and many additional observations, they were able
to deﬁne the rate constants and their voltage depen-
dence for gating in 0 Ca
 
2
 
 
 
i
 
 for the 10-state model de-
scribed by Scheme IV (see commentary by Jones, 1999).
This model could account for the relative positions of
the channels G/V and Q/V curves and the kinetics of
ionic current activation and deactivation as well as the
anomalous curvature of the G/V relations at very low
open probability. Further studies, measuring macro cur-
rents over very wide ranges of Ca
 
2
 
 
 
 and voltage (Cox and
Aldrich, 2000; Cui and Aldrich, 2000; Horrigan and Al-
drich, 2002; see commentary by Lingle, 2002), found
that Scheme VI with an assumption of independent Ca
 
2
 
 
 
and voltage sensors that modulate gating through allo-
steric action on the opening-closing conformational
changes, was consistent with the gating of the channel,
including the pronounced Ca
 
2
 
 
 
 dependence of the ki-
netics.
The relative voltage dependencies of the various
transitions from the study of single-channel kinetics by
Rothberg and Magleby (2000) after correcting for the
reduced numbers of states in their model, were the
same (within experimental error) as those determined
by Horrigan et al. (1999) and Horrigan and Aldrich
(1999) from their exhaustive study of the macroscopic
currents in the absence of Ca
 
2
 
 
 
 (see Rothberg and Ma-
gleby (2000), where this comparison is made). Similar
conclusions from two such different approaches by dif-
ferent laboratories lends support to the voltage-depen-
dent steps indicated in Scheme VI, as well as the gen-
eral applicability of Scheme VI to BK channels. Thus,
Scheme VI can serve as a working hypothesis for the
gating of BK channels. In terms of Scheme VI, with 0
Ca
 
2
 
 
 
i
 
 and 
 
 
 
300 mV (Po 
 
 
 
 10
 
 
 
6
 
), the channel spends
most of its time in the top left closed state on the top
tier, and with 100 
 
 
 
M Ca
 
2
 
 
 
 and 300 mV (Po 
 
 
 
 0.96) the
SCHEME VIT
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channel spends most of its time in the bottom right
open state on the bottom tier.
The large multistate multitier Scheme VI is consis-
tent with most of the observations on BK channels. For
example, Scheme VI predicts charge movement can oc-
cur for BK channels after they are open due to move-
ment between the rows of open states on the lower tier.
Such charge movement is observed (Stefani et al.,
1997; Horrigan and Aldrich, 1999). BK channels gate
with Hill slopes for activation by Ca
 
2
 
 
 
 ranging from
1–6, but typically between 2–4 (McManus, 1991), con-
sistent with the four Ca
 
2
 
 
 
 binding sites per channel.
Scheme VI is also consistent with the observations that
MWC type models (Scheme II) can describe the gating
over wide ranges of Ca
 
2
 
 
 
 at a ﬁxed voltage, as long as
the extremes approaching 0 and saturating Ca
 
2
 
 
 
 are ex-
cluded (McManus and Magleby, 1991; Wu et al., 1995).
The reason for this is that for any ﬁxed voltage, the gat-
ing of Scheme VI could be effectively collapsed into the
much simpler MWC model (Rothberg and Magleby,
1999, 2000). For the same reason, MWC-like models
with voltage sensors replacing the Ca
 
2
 
 
 
 sensors are gen-
erally consistent with the effects of voltage on the gat-
ing for extreme Ca
 
2
 
 
 
i
 
 (Horrigan et al., 1999; Cox and
Aldrich, 2000; Cui and Aldrich, 2000), where the gat-
ing would be conﬁned to the leftmost (Scheme IV) or
rightmost (Scheme V) columns of states for 0 and satu-
rating Ca
 
2
 
 
 
i
 
, respectively.
 
(Relatively) Independent Ca
 
2
 
  and Voltages Sensors Act 
Jointly to Activate BK Channels
While a number of detailed kinetic studies have found
that an assumption of independent voltage and Ca2 
sensors working through separate allosteric activators is
consistent with the experimental observations (Cui and
Aldrich, 2000; Cox and Aldrich, 2000; Zhang et al.,
2001), two recent studies have examined this assump-
tion more directly. Both ﬁnd that the high afﬁnity Ca2 
sensors and voltage sensors work relatively indepen-
dently of one another to increase the open equilib-
rium, but that there are some interactions. In the ﬁrst
of these studies, Horrigan and Aldrich (2002), in a tour
de force study using gating and ionic currents recorded
from macro patches, found that Ca2 
i has little effect
on the on-component of gating current, suggesting
that Ca2  binding has little effect on the voltage sen-
sors. They also found that Ca2 
i can increase Po
 1,000-fold at extreme negative potentials when the
voltage sensors are not activated, suggesting the Ca2 
sensors can act relatively independently from the volt-
age sensors (see commentary by Lingle, 2002). Thus,
each activated Ca2  and voltage sensor acts relatively in-
dependently to further increase Po from a very low
level ( 10 6 at 0 mV and 0 Ca2 
i) to  0.96 at depolar-
ized voltages and high Ca2 
i.
In the second recent study examining the contribu-
tions of the sensors to the gating, Niu and Magleby
(2002) focused on the Ca2  sensors. They mutated the
Ca2  bowl to inactivate a high afﬁnity Ca2  regulatory
mechanism, and then examined channels with differ-
ent numbers of functional Ca2  bowls. For channels
with 0, 1, 2, 3, and 4 functional Ca2  bowls, the Hill co-
efﬁcients for activation by Ca2 
i were 1.4, 1.7, 2.5, 3.5,
and 4.1, respectively, and the Ca2 
i for half activation,
KD, was 687, 54.5, 16.4, 5.44, 3.4  M, respectively. They
found that these stepwise increases in Hill coefﬁcients
and stepwise decreases in apparent KDs that occurred
as the number of Ca2  bowls was increased could be ac-
counted for with a model (Shi and Cui, 2001; Zhang et
al., 2001) with 0–4 high afﬁnity Ca2  sensors (given by
the number of functional Ca2  bowls), four low afﬁnity
Ca2  sensors, and four voltage sensors. In this model,
which is an extension of Scheme VI (see below), the
various sensors were independent of one another, act-
ing jointly (synergistically) to increase the open equilib-
rium. The stepwise shifts in the data as the number of
functional Ca2  bowls increased was well described by
changing a single parameter in the model, the number
of functional high afﬁnity Ca2  sensors to match the
known number for each channel. Although an assump-
tion of independence exactly described the shifts in
KDs, there were some differences between the observed
and predicted Hill coefﬁcients, indicating that addi-
tional factors not included in the model were involved,
such as interactions between the various sensors or ad-
ditional Ca2  binding sites. In this model with an as-
sumption of independence among the Ca2  and volt-
age sensors, the cooperativity in activation of the chan-
nel by Ca2 
i does not arise from interactions among the
Ca2  binding sites, as the binding at each site is the
same independent of the number of bound sites, but
from the combined action of the Ca2  sensors on the
opening-closing transitions.
Functionally, BK Channels Are Ca2  and
Voltage-activated Channels
It has been contemplated over the years whether BK
channels are Ca2 -activated channels modulated by
voltage, or voltage-activated channels modulated by
Ca2 
i. From a mechanistic viewpoint, neither answer
appears correct, since BK channels can be activated by
either Ca2  or voltage acting through separate allo-
steric mechanisms that converge on a common step,
the opening/closing transition (Horrigan and Aldrich,
2002). Thus, Ca2  and voltage can both activate and
modulate channel activity. In living cells, where voltage
is between  90 and 30 mV and Ca2  ranges from 0.1 to
perhaps as much as 20  M (near a Ca2  channel), both
depolarization and increased Ca2 
i are required for any
appreciable activation of BK channels. For example,T
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with high Ca2 
i (20  M), but little depolarization (V  
 90 mV), or maximum depolarization (30 mV) and lit-
tle Ca2 
i (0.1  M), Po is insigniﬁcant ( 0.001). Only
with both depolarization and increased Ca2 
i is there
appreciable activation of the channel, as shown by the
synergistic action in Fig. 1. In addition to activation by
Ca2  and voltage, BK channels are also activated by mil-
limolar Mg2  (see below).
Scheme VI Must be Expanded to Include
an Additional Tier of Closed States
Scheme VI has been presented in detail since it is the
simplest scheme that captures the major features of the
gating of BK channels over a wide range of voltages and
Ca2 
i ( 100  M). Scheme VI with essentially free rate
constants does generate the kinetics of the single-chan-
nel data including the ﬂickers (brief closings) that are
a characteristic of channel gating (Rothberg and Ma-
gleby, 1999, 2000), but Scheme VI with reasonably con-
strained rate constants, as required for independence
of the voltage and Ca2  sensors, generates too few ﬂick-
ers (Cox et al., 1997; Rothberg and Magleby, 2000),
suggesting that more states may be needed. An addi-
tional tier of brief closed states does signiﬁcantly im-
prove the ﬁts to single channel data at high Ca2 
i
(Rothberg and Magleby, 1999), and preliminary data
obtained at the extremes of Ca2  and voltage also sug-
gest that an additional tier of brief closed states is re-
quired (Niu and Magleby, 2001). Direct examination of
the ﬂickers and opening/closing transitions indicates
that the channel can open through at least two states,
one of brief duration and reduced conductance, and
that at least some of the ﬂickers may involve closings to
this state (Ferguson et al., 1993). Finally, the kinetics of
single-channel and macroscopic currents suggest more
than one step in the opening/closing transition (Roth-
berg and Magleby, 1998; Horrigan and Aldrich, 2002),
and detailed kinetic studies with the  3 subunit un-
mask two distinct voltage-dependent activation steps
(Zeng et al., 2001). Together, these observations sug-
gest an additional tier of brief closed states, interposed
as a middle tier between the two tiers in Scheme VI, al-
though it has not yet been excluded that the additional
tier is below the bottom (open) tier. Adding this addi-
tional tier to Scheme VI would increase the states to 75.
Scheme VI Must be Expanded to Include Additional 
Ca2  Sensors
As presented, Scheme VI has only one Ca2  sensor on
each subunit that is associated with a high afﬁnity ( 10
 M) Ca2  binding site. However, as pointed out by
Zhang et al. (2001), the Ca2  sensitivity of BK channels
spans four orders of magnitude, a much wider range
than would be expected for a single class of Ca2  bind-
ing sites. Consistent with this observation, Schreiber
and Salkoff (1997) have presented data for additional
Ca2  binding sites, and Shi and Cui (2001) and Zhang
et al. (2001) have characterized at least two classes of
Ca2  sensors: the high afﬁnity Ca2  sensor associated
with the Ca2  bowl characterized previously, and a low
afﬁnity Ca2 /Mg2  sensor that is activated by either
mM Ca2 
i or Mg2 
i. With a high and low afﬁnity Ca2 
sensor on each subunit, Scheme VI would need to be
expanded to 250 states (Zhang et al., 2001). It was this
250-state model with independent high and low afﬁnity
Ca2  sensors and voltage sensors that Niu and Magleby
(2002) used to account for the changes in gating associ-
ated with changes in the number of functional Ca2 
bowls. As will be discussed below, there is evidence for a
second high afﬁnity Ca2  sensor in addition to the Ca2 
bowl. Adding this additional Ca2  sensor, giving three
per subunit would increase the potential number of
states to 1,250, and adding an additional tier of closed
states (as discussed above), would then increase the
number of potential states to 1,875.
While a goal in kinetic modeling is to ﬁnd the models
with the fewest numbers of states that are consistent
with the experimental results, for tetrameric channels
with multiple classes of allosteric activators, large multi-
state models with multiple tiers are the simplest models
that are consistent with the known structural and ki-
netic properties of BK channels. These models extend
the concepts conceived by Eigen (1968) over three de-
cades ago for allosteric tetrameric proteins to ion chan-
nels. While the number of potential states of the BK
channel is high, the basic working hypothesis of how
the channel functions remains simple: each allosteric
activator works (almost) independently to increase the
open probability. With this simplifying assumption,
which, incredibly enough, appears reasonably consis-
tent with the gating of BK channels, the complex gat-
ing of BK channels can then described with a limited
number of parameters (Cox and Aldrich, 2000; Ma-
gleby and Rothberg, 2001; Shi and Cui, 2001; Horrigan
and Aldrich, 2002; Niu and Magleby, 2002; Shi et al.,
2002; Xia et al., 2002). Furthermore, since it is possi-
ble to study each type of activator in relative isolation
by controlling the experimental conditions and/or
through mutations that uncouple the various classes of
sensors singly or in combination, it should be possible
to clearly specify the parameters that will describe the
gating of the channel, even for the most complex
models.
Where Are the Voltage Sensors?
The kinetic model for the gating of BK channels sum-
marized by Scheme VI includes two different types of
voltage-dependent steps. The ﬁrst is the movement of
the four voltage sensors indicated by transitions be-
tween circles and squares. These conformationalT
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changes occur on both the closed and open tiers by
movement between the rows on each tier. The second
is the opening/closing transitions between the closed
states on the top tier and the open states on the bottom
tier. Whether these two different types of voltage-
dependent steps arise from a single voltage sensor is
not clear. Consistent with the idea that the charged S4
transmembrane segment forms a voltage sensor for BK
channels (Diaz et al., 1998; Cui and Aldrich, 2000), the
voltage dependence of BK channels (11–15 mV per
e-fold change in Po) is less than for Shaker (2.3–3.5 mV
per e-fold change in Po), as might be expected since
BK channels have only four positive charges on each S4
segment, two of which appear to contribute to the gat-
ing (Diaz et al., 1998), whereas Shaker K  channels
have seven positive charges on each S4 segment, four of
which appear to contribute to the gating (Gonzalez et
al., 2001). Although the kinetic properties of the volt-
age sensors are well characterized in BK channels (Hor-
rigan et al., 1999; Horrigan and Aldrich, 1999, 2002),
there has been little direct study of the structural mech-
anism by which the movement of the voltage sensors in
BK channels is coupled to channel opening, but some
features may have similarities to those extensively stud-
ied in other K  channels where S4 is also a voltage sen-
sor (Papazian et al., 1987; Perozo et al., 1994; Aggarwal
and MacKinnon, 1996; Seoh et al., 1996; Yellen, 1998,
2002; Bezanilla, 2000; Horn, 2002). Extending the ex-
tensive structural studies of voltage-dependent gating
for K  channels to the voltage-dependent gating of BK
channels will be a necessary step toward understanding
gating mechanism.
Philosophy of Mutational/Substitutional Studies
to Locate Ca2  Sensors
Before considering where the Ca2  binding sites may
be located, it is useful to review the well-known limita-
tions of assigning function to structure using muta-
tional studies or substitutional studies in which parts
from different channels are swapped. Only Ca2  sen-
sors will be considered in this discussion, although
many of the same arguments would apply to voltage
sensors. Assume for purposes of discussion that each
Ca2  sensor in a BK channel consists of at least two
parts: the Ca2  binding site and the linker that con-
nects the binding site to the gate for channel opening
and closing. If a mutation/substitution removes or
greatly decreases the functional Ca2  sensitivity, but
otherwise the channel gates normally, then there are at
least three possible explanations: (a) the mutation/
substitution disrupts the Ca2  binding site so that Ca2 
no longer binds; (b) the mutation/substitution dis-
TABLE I
Ca2  and Mg2  Regulatory Mechanisms for Slo1 BK Channels
Mutation site Ion KD closed KD open Location V equivalenta References
 M  Mm V
High affinity Ca2 
Ca2  bowl 3.5–4.5 0.6–2.0 RCK2? 60–80 Schreiber and Salkoff, 1997; Bian et al., 2001;
Braun and Sy, 2001; Bao et al., 2002;
Xia et al., 2002
M513 3.5–3.8 0.8–0.9 RCK1 70–80 Bao et al., 2002
D362/D367 17.2   4.0 4.6   1.0 RCK1 60–80 Xia et al., 2002
D81 S0–S1 10–30 Braun and Sy, 2001
Low affinity Ca2 /Mg2  RCK1  60
E374/E399 Mg2  60–70 Shi et al., 2002
Ca2  4.1   3.5 1.8   1.2 50–70 Xia et al., 2002
2.3–3.1 0.5–0.9 50–70 Zhang et al., 2001
Mg2  9–22 2–6 70 Zhang et al., 2001
15 3.6 75 Shi and Cui, 2001
High affinity Ca2 
 896–903   M513I  125 Bao et al., 2002
D(897–901)N   D362A/D367A  140 Xia et al., 2002
D895N   D81N  80 Braun and Sy, 2001
aV equivalent is the shift required in the voltage to maintain the same Po of 0.5 after the indicated mutations in the presence of 10–100  M Ca2 
i for the
high afﬁnity sites and 10 mM Ca2 
i or Mg2 
i for the low afﬁnity sites.
All sequence numbers are adjusted to the sequence with EMBL/GenBank/DDBJ accession no. L16912 (Butler et al., 1993) from Nucleotide in PubMed with
the numbering starting at the second M (MDALI). The mutations that identify each site and identifying sequence are: The Ca2  bowl is defined by
Sequence I in the text. Various mutations in this region that greatly reduce Ca2  sensitivity typically include one or more of the five consecutive aspartates
(D897–901), such as D(897–901)N or D897–898 deleted, or the D895N which changes the D two residues before the string of aspartates. M513I identified
by MRSFIK. D362A/D367A identified by DFLHKD. D81N identified by DEKEE. E399A identified by EFYQG.T
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rupts the linker between the Ca2  binding site and the
gate, so that the binding information is not transferred
to the gate; or (c) the mutation/substitution alters
some other part of the channel that prevents the bind-
ing site/linker combination from opening the channel.
These three types of responses could occur through di-
rect action, or through allosteric action from a dis-
tance. For ease of writing, the sites of the mutations
that alter the Ca2  sensitivity will be referred to as the
Ca2  sensors or Ca2  regulatory sites, with the full un-
derstanding that mutations at such sites may be acting
either directly or indirectly to alter Ca2  sensitivity in
one or more of the three different ways discussed
above.
BK Channels have Three or More Ca2  Sensors
At least three different types of Ca2  sensors that act
relatively independent of one another to increase the
activity of BK channels have been associated with each
subunit of the BK channel. The locations of these sen-
sors are indicated in Fig. 2, and the properties of the
sensors are summarized in Table I. The high afﬁnity
sensors are the Ca2  bowl, D362/D367, M513, and D81.
D362/D367 and M513 may identify the same regula-
tory mechanism, although this in not entirely clear.
E374/E399 is a low afﬁnity Ca2 /Mg2  site.
The High Afﬁnity Ca2  Regulatory Mechanism Associated 
with the Ca2  Bowl
Schreiber and Salkoff (1997) and Schreiber et al.
(1999) were the ﬁrst to identify the Ca2  bowl as a high
afﬁnity Ca2  regulatory site. The Ca2  bowl is located
just before S10 in the tail domain of the COOH termi-
nus (Fig. 2), and includes 10 negative charges, 5 of
which are derived from ﬁve consecutive aspartate resi-
dues, as evident in the Ca2  bowl sequence from the
mouse:
883 TELVNDTNVQFLDQDDDDDPDTELYLTQ
(Sequence 1)
Except for one residue (889), this sequence is com-
pletely conserved between nematode, ﬂy, mouse, and
human (Schreiber and Salkoff, 1997). The evidence
that the Ca2  bowl is associated with a high afﬁnity Ca2 
regulator site is considerable. Removing or replacing
negative charges in the Ca2  bowl greatly decreases the
Ca2  sensitivity (Schreiber and Salkoff, 1997). Slo3, a
BK-like channel that lacks an obvious Ca2  bowl, has
considerably less Ca2  sensitivity than Slo1 (Schreiber
et al., 1998). Replacing the tail of Slo1 with the tail
from Slo3 to form a Slo1 core/Slo3 tail channel greatly
reduces the Ca2  sensitivity, which can be partially re-
stored by replacing residues in the Slo3 tail with 34 res-
idues including the Ca2  bowl from the Slo1 tail
(Schreiber et al., 1999). Finally, Slo2, a BK-like channel
that is synergistically activated by both Ca2  and Cl ,
has both positive and negative charges in the Ca2  bowl
region (Yuan et al., 2000).
Because BK channels can be activated by either Ca2 
or depolarization (Fig. 1), it is possible to quantify the
effect of a mutation on the loss of Ca2  sensitivity in
terms of the depolarization required to compensate for
the loss of Ca2  sensitivity. For example, for a ﬁxed
Ca2 
i, the voltage required to half activate the channel
before the mutation is compared with the voltage re-
quired to half activate the channel after the mutation.
The rightward shift (depolarization) required to re-
store the activity of the mutated channel then gives a
quantitative measure of the loss in Ca2  sensitivity. It is
the dual activation of BK channels by voltage and Ca2 
that enables BK channels to provide such a powerful
tool to study mechanism. Manipulations of the channel
that would normally shift the Po to values either too
low or too high to study can be examined by using ei-
ther Ca2  or voltage to bias the activity of the channel
into a suitable range of Po for study, just as the position
knob on an oscilloscope moves the response into a
range that can be seen.
Bao et al. (2002) and Xia et al. (2002) have extended
the characterization of the Ca2  bowl using additional
mutations and analysis. They ﬁnd, consistent with the
observations of Schreiber and Salkoff (1997), that mu-
tations that either replace (with alanine or asparagine)
or delete 5–9 amino acids in the heart of the Ca2  bowl
(including the ﬁve consecutive aspartate residues)
right shift the voltage required to half activate the
channel  70 mV in the depolarizing direction in the
presence of 10  M Ca2 
i. From Fig. 1 it can be seen
that a 70 mV shift represents a large equivalent de-
crease in Ca2  sensitivity due to mutation of the Ca2 
bowl. Yet in the absence of Ca2 
i, the mutations had lit-
tle effect on either the voltage required to half activate
the channel or on the steepness of the G-V curves. This
lack of effect on the gating in the absence of Ca2 
i,
compared with the pronounced effects with Ca2 
i,
suggest that the mutations are acting on a speciﬁc
Ca2  regulatory mechanism, rather than by interfering
with the general gating machinery of the channel
(Schreiber and Salkoff, 1997; Bao et al., 2002; Xia et al.,
2002).
More speciﬁcally, Bao et al. (2002) argue from theo-
retical grounds that the mutations must either be re-
ducing the change in afﬁnity at the binding site for
Ca2  that occurs with channel opening, or reducing
the number of Ca2  binding sites. Both of these possi-
bilities would be consistent with the idea that the muta-
tions to the Ca2  bowl are either destroying a high af-
ﬁnity Ca2  binding site directly or uncoupling the bind-
ing site from the gating machinery. Further evidence
that the Ca2  bowl is a critical part of a high afﬁnity
Ca2  regulatory mechanism are the observations of NiuT
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and Magleby (2002) that each functional Ca2  bowl
adds a step increase of 0.3–0.8 to the cooperativity (Hill
coefﬁcient) for activation by Ca2 
i. Estimates of the KDs
for the Ca2  regulatory site associated with the Ca2 
bowl are  4  M for the closed channel and  1  M for
the open channel (Bao et al., 2002; Xia et al., 2002),
consistent with a high afﬁnity site (Table I).
While all of the observations discussed above are con-
sistent with the idea that the Ca2  bowl is a key part of a
high afﬁnity Ca2  regulatory site, they do not directly
establish that the Ca2  bowl is the Ca2  binding site, be-
cause, as discussed above, the various mutations and
substitutions could act either directly by disrupting
binding or indirectly by uncoupling or blocking cou-
pling. To draw an example from another channel, a
cluster of negative charges modulates the activity of the
CFTR channel at a step that is downstream of ATP
binding, perhaps by establishing interdomain linkage
(Fu et al., 2001). On a similar basis, if the Ca2  bowl is
not the binding site, then it might provide a critical
structural linkage to a cluster of positive charges lo-
cated on another domain of the channel. Mutating or
removing the Ca2  bowl would then uncouple this link-
age, and replacing the negative charges in the Ca2 
bowl could then restore this linkage.
Nevertheless, binding experiments do suggest that
the Ca2  bowl can act as a Ca2  binding site. Braun and
Sy (2001) found that a bacterial protein incorporating
a  240 amino acid fragment from the COOH terminus
of the BK channel that included the Ca2  bowl bound
Ca2 , whereas the bacterial protein alone did not. Simi-
larly, Bian et al. (2001) found that 280 residues, includ-
ing the Ca2  bowl from the COOH terminus of BK
channels bound Ca2 , and that mutating the negative
aspartate residues in the Ca2  bowl to the uncharged
asparagine, then reduced the Ca2  binding by 56%.
The binding of Ca2  to Ca2  bowl containing fragments
of the channel suggests that the Ca2  bowl may be the
binding site, but this is not conclusive, as it might be ex-
pected that ﬁve consecutive negative charges, as found
in the Ca2  bowl, would bind Ca2 . Dynamic studies of
Ca2  binding to the Ca2  bowl in intact functioning
channels of known open and closed conﬁguration
would help resolve this question.
The High Afﬁnity M513 Ca2  Regulatory Mechanism
Even though mutations to the Ca2  bowl greatly shifted
the Ca2  sensitivity, Schreiber and Salkoff (1997) found
that BK channels were still Ca2  sensitive over a wide
range of concentrations (from 5  M to 1 mM) after
mutation of the Ca2  bowl, suggesting one or more ad-
ditional Ca2  regulatory sites. In addition, Schreiber
and Salkoff (1997) found that the Ca2  bowl sensor was
only sensitive to Ca2 , whereas the residual Ca2  sensi-
tivity after mutating the Ca2  bowl could be activated by
Cd2  as well as Ca2 . This differential effect suggests
that the residual Ca2  sensitivity arose from a physically
different site than the Ca2  bowl.
While searching for the additional Ca2  sensors, Bao
et al. (2002) found that mutating residue M513 in the
RCK1 domain at the end of S7 (Fig. 2), reduced Ca2 
sensitivity equivalent to an  70 mV depolarization in
10  M Ca2 
i, the same magnitude shift as a Ca2  bowl
mutation. Combining a Ca2  bowl mutation with the
M513I mutation then reduced the Ca2  sensitivity
equivalent to a  125 mV shift in voltage (Table I).
Hence, the combined effects of the Ca2  bowl muta-
tions ( 70 mV) and M513I ( 70 mV) were almost ad-
ditive, suggesting that these two sites deﬁne two sepa-
rate and relatively independent Ca2  regulatory mecha-
nisms of the channel. The high afﬁnity ( 10   M)
response for Ca2 
i was lost after mutating both the Ca2 
bowl and M513. In 100  M Ca2 
i, the Ca2  bowl plus
M513I mutant still displayed some Ca2  sensitivity,
equivalent to a 25–50 mV shift, which can be compared
with a  200 mV shift without the mutation. Thus, the
double mutant removed the high Ca2  sensitivity and
also much of the intermediate Ca2  sensitivity.
The High Afﬁnity D362/D367 Regulatory Mechanism
While searching for Ca2  sensors in addition to the
Ca2  bowl, Xia et al. (2002) explored three aspartate
residues that are conserved in Slo1 channels (D362,
D367, and D369), but are positively charged or neutral
in Slo3, a channel with little or no high afﬁnity Ca2 
sensitivity (Schreiber et al., 1998; Moss and Magleby,
2001). They found that the D362A/D367A mutation
reduced Ca2  sensitivity equivalent to a 60-mV depolar-
ization at 10  M Ca2 
i and a 80-mV depolarization for
100  M Ca2 
i (Table I). The combination of a Ca2 
bowl mutation together with D362A/D367A removed
all of the Ca2  sensitivity of the channel for Ca2 
i   1
mM. The shift from mutating both sites was 120 mV at
10  M Ca2 
i and 160 mV at 100  M Ca2 
i. The summed
shifts from the combined Ca2  bowl mutation and
D362A/D367A were similar to the shift induced by
both mutations together, and this was the case over a
wide range of Ca2 
i, suggesting that these two high af-
ﬁnity Ca2  sites work relatively independently of one
another. This observation of independence for the
Ca2  bowl and D362/D367 sites is similar to the obser-
vation of independence for the Ca2  bowl and M513
sites (Bao et al., 2002), and indicates that the individual
mutations do not act by blocking the gating mecha-
nism of the channel. If this were the case, then one mu-
tation should knock out the effects of the other muta-
tion.
Estimates of the KDs for the Ca2  binding site con-
trolled by M513 were 3.5–3.8  M for the closed state
and 0.8–0.9  M for the open state (Bao et al., 2002),T
h
e
 
J
o
u
r
n
a
l
 
o
f
 
G
e
n
e
r
a
l
 
P
h
y
s
i
o
l
o
g
y
91 Magleby
and for the site controlled by D362/D367 were 17.2
 M for the closed state and 4.6  M for the open state
(Xia et al., 2002). These estimates differ by a factor of
four between the two studies, suggesting possible differ-
ences in action of the mutations. In addition, the Ca2 
bowl paired with the D262/D367 site removes all the
Ca2  sensitivity for Ca2 
i   1 mM, whereas the Ca2 
bowl paired with the M513 site only removes all Ca2 
sensitivity for Ca2 
i   10  M. Thus, the M513A and
D362A/D367A mutations may be acting in a different
manner, although they may still be affecting a common
regulatory mechanism.
The Low Afﬁnity E374/E399 Ca2 /Mg2 
Regulatory Mechanism
Shi and Cui (2001) and Zhang et al. (2001) have char-
acterized a low afﬁnity Ca2 /Mg2  regulatory site that is
associated with a nonselective divalent cation sensor ac-
tivated by millimolar concentrations of Ca2  or Mg (see
commentary by Magleby, 2001). Activation of the Ca2 /
Mg2  regulatory site by either 10 mM Ca2  or 10 mM
Mg2 , or 10 mM Ca2  plus 10 mM Mg2  applied to-
gether all produced an  60 mV shift (Shi and Cui,
2001; Zhang et al., 2001), indicating that Ca2  and
Mg2  activate a common site. The contribution of the
low afﬁnity regulatory site to the gating could be ac-
counted for with a 250 state model (discussed above) in
which the low afﬁnity Ca2 /Mg2  sensors were inde-
pendent of the high afﬁnity Ca2  and voltage sensors.
The KDs for Mg2  binding to the low afﬁnity regulatory
site ranged from 9–22 mM for the closed state and 2–6
mM for the open state, and the KDs for Ca2  binding to
the low afﬁnity site ranged from 2–6 mM for the closed
state and 0.5–2 mM Ca2  for the open state. Since the
free Ca2 
i under physiological conditions is 2–4 orders
of magnitude less than that of the typically millimolar
Mg2 
i inside cells, the low afﬁnity site would be occu-
pied by Mg2  rather than Ca2  under physiological con-
ditions.
In addition to binding to the low afﬁnity site, Mg2 
can also bind to the high afﬁnity sites with equal KDs of
 5 mM for the open and closed states (Shi and Cui,
2001; Zhang et al., 2001). With equal KDs for the
high afﬁnity sites in the open and closed states of the
channel, Mg2  alone would not activate the channel
through binding to the high afﬁnity sites, but could dis-
place Ca2  from these sites, decreasing the activating
effects of low levels of Ca2 
i. While Mg2  binding to the
low afﬁnity site would act to enhance the function of
BK channels under physiological conditions, the inhib-
itory effects on the high afﬁnity sites lead to a complex
overall effect of Mg2 
i as the Ca2 
i is changed (Shi and
Cui, 2001).
Shi and Cui (2001) localized the low afﬁnity Ca2 /
Mg2  regulatory site to the core of the BK channel (Fig.
2) by observing that when the tail of Slo1 channels is re-
placed with the tail from Slo3 channels, that the chi-
meric Slo1 core/Slo3 tail channels still retained their
low afﬁnity Mg2  sensitivity. Since Slo3 channels are not
activated by Mg2 
i, then the Mg2  regulatory sites must
be on the core rather than the tail.
Recent studies from the laboratories of Cui and Lin-
gle have more speciﬁcally located the low afﬁnity Ca2 /
Mg2  regulatory mechanism to the RCK1 domain of
the core of the channel and shown that it includes
E374 and E399 (Shi et al., 2002; Xia et al., 2002). As a
guide to localize this site, Xia et al. (2002) compared
the sequence of Slo3 to Slo1 and found that the nega-
tively charged glutamate residue, E399, is conserved in
mammalian, ﬂy, and worm Slo1 sequences, but is a neu-
tral asparagine in Slo3. Mutation of E399 to alanine
greatly decreases the activation of the channel by mM
Ca2  or Mg2  (Shi et al., 2002; Xia et al., 2002). In addi-
tion, E374A and Q397C also reduce the shift induced
by mM Mg2  (Shi et al., 2002). Using the RCK domain
of E. coli K  channels as a structural guide (Jiang et al.,
2001, 2002a), Shi et al. (2002) suggest that E374, E399,
and Q397 in the RCK1 domain of BK channels form a
Mg2  binding site. Interestingly, this proposed low af-
ﬁnity binding site for Ca2 /Mg2  in the RCK1 domain
of BK channels is a different site and shifted from the
low afﬁnity site described for Ca2  binding by Jiang et
al. (2002a) in the RCK1 domain of bacterial K  chan-
nels.
Xia et al. (2002) were able to account for the effects
of eight various combinations of mutations of the high
afﬁnity (Ca2  bowl and D362/D367) and low afﬁnity
(E399) regulatory mechanisms by assuming an alloste-
ric model with three different independent Ca2  bind-
ing sites. Interestingly, they also found that Ca2  may
act as an inverse agonist on one of the regulators in a
triple mutated channel (Ca2  bowl, D362/D367 and
E399), indicating that the mutations may strengthen
the binding afﬁnity of the closed state for one of the
sites.
A Physical Gating Mechanism for a Bacterial Ca2 -sensitive 
K  Channel
Structural studies by Jiang et al. (2002a,b) suggest that
the Ca2 -dependent gating of MthK, a bacterial chan-
nel activated by millimolar Ca2 , is controlled by eight
identical RCK domains (regulators of the conductance
of K ). Four of these (RCK1) arise from a COOH ter-
minus domain attached to each of the four   subunits,
and four are assembled from solution (RCK2). These
eight RCK domains form a proposed gating ring that
hangs beneath the channel in the intracellular solu-
tion. Each of the eight RCK domains has a ﬁxed and a
ﬂexible interface. Jiang et al. (2002a) propose that the
binding of two Ca2  at each of the four ﬂexible inter-T
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faces then induces conformational changes in the gat-
ing ring that pull on the linkers connecting each RCK1
to the intracellular end of the inner helix, opening the
channels.
By comparison to MthK, Jiang et al. (2002a) have
proposed that BK channels have two tandem RCK do-
mains in the COOH terminus. On this basis, RCK1 in
BK channels would include S7 and S8 and RCK2 would
start at S9 (see Fig. 2). Thus, RCK2 domains for BK
channels would not assemble from solution, as in MthK
channels, but are connected directly to the RCK1 do-
mains through the nonconserved linker (Fig. 2). Inter-
estingly, it was the nonconserved amino acids in the
COOH terminus between S8 and S9 that suggested to
Wei et al. (1994) that it might be possible to separate
the channel into core and tail domains. They found
that when the cores and tails of BK channels were ex-
pressed separately, that the tails would assemble from
solution to form functional channels with the cores,
just as the RCK2 domains can assemble from solution
for MthK channels.
While there are stretches of semiconserved sequence
throughout the RCK domain of MthK channels and the
RCK1 domain of BK channels (Jiang et al., 2001,
2002a), and also between the ﬁrst  100 amino acids of
the RCK domain of MthK and the putative RCK2 do-
main of BK channels (Lingle, C., personal communica-
tion), any similarity after the ﬁrst  100 amino acids of
the putative RCK2 domain is less clear. The Ca2  bowl,
which starts after  180 residues into the putative RCK2
domain of BK channels is absent from the RCK1 do-
mains of both MthK and BK channels. Since the RCK1
and RCK2 domains of MthK are identical, the Ca2 
bowl is absent from MthK. Either included in the puta-
tive RCK2 domain of BK channels, or tacked on as ad-
ditional sequence, is a serine proteinase–like domain
(Moss et al., 1996) which is also absent from RCK1 do-
mains of MthK and BK channels.
Unlike BK channels that are regulated by both high
and low afﬁnity Ca2  sensors, MthK channels appear to
lack high afﬁnity Ca2  sensors all together, as MthK
channels are activated by millimolar Ca2 
i (Jiang et al.,
2002a). Consistent with this difference, the sites associ-
ated with the high afﬁnity Ca2  regulatory mechanisms
in BK channels are absent in MthK channels. There is
no indication of a Ca2  bowl in MthK (as mentioned
above), and the equivalent of D367 and M513 are also
missing from RCK1 in MthK, being represented by
dashes in the alignment (Jiang et al., 2002a). Another
major difference between MthK and BK channels is
that the Ca2 -coordinating sites for the low afﬁnity acti-
vation of MthK (D184, E210, and E212) appear to be
replaced with the uncharged L, Q, and L, respectively,
in the RCK1 of BK channels (Jiang et al., 2002a). This
is consistent with the observation (mentioned previ-
ously) that the proposed low afﬁnity Ca2 /Mg2  site for
BK channels (E399, E374, Q397) is located in a differ-
ent position than is found in the Rossmann fold in
MthK (Shi et al., 2002). Thus, even if BK channels have
the equivalent of eight RCK domains as MthK does,
some striking differences in sequence and Ca2  activa-
tion of these two different channels suggests that there
will be differences in the regulation of the gating. Fo-
cusing on these differences in future studies could help
resolve the gating mechanisms of both channels.
Alternative and/or Additional Ca2  Regulatory Mechanisms
Since all the Ca2  sensitivity of BK channels can be re-
moved by mutating three sites in the RCK1 and puta-
tive RCK2 domains (the Ca2  bowl, D362/D367, and
E374/E399), the question arises whether all of the
functional Ca2  binding sites for the Ca2  sensors are
also located in the RCK1 and RCK2 domains? A recent
study by Piskorowski and Aldrich (2002) suggests that
this does not have to be the case. Piskorowski and Al-
drich (2002) chopped the entire COOH terminus,
which would include the RCK domains from the BK
channel by placing a stop codon within the end of the
S6 transmembrane segment at I323 to convert VPEIIEL
to VPEI(STOP) (Fig. 2). The  2.4 kb of wild-type cod-
ing sequence after the inserted stop condon was re-
moved from the vector. They found that the Ca2  sensi-
tivity of the truncated channel was similar to that of the
wild-type channel over the examined range of Ca2 ,
from 2–300  M. They argued against endogenous
channels by identifying the truncated channels with a
mutation to change the sensitivity to block by TEA.
They also reported similar ﬁndings for truncated chan-
nels expressed in Xenopus oocytes and HEK cells, which
would reduce, but not exclude the possibility, that en-
dogenous RCK like domains might assemble with the
chopped channels to provide Ca2  sensitivity.
If the truncated channels were expressed without any
endogenous RCK type domains, then the observations
of Piskorowski and Aldrich (2002) would require that
there are high afﬁnity Ca2  binding sites on the intra-
cellular domains between S0 and S6 that can regulate
the gating of the channel. Braun and Sy (2001) did
identify one site on the intracellular linker between S0
and S1, but this site in the intact channel was only sufﬁ-
cient to account for  10–30% of the high afﬁnity Ca2 
sensitivity. To account for the observations of Pisko-
rowski and Aldrich (2002), either this site would have
to be much more effective in the truncated channel, or
an additional site would need to be found. Piskorowski
and Aldrich (2002) did not look at low afﬁnity activa-
tion, so it is not known whether the truncated channel
possess a low afﬁnity site.
As brieﬂy summarized in earlier sections, the data
suggest overwhelming that BK channels have at leastT
h
e
 
J
o
u
r
n
a
l
 
o
f
 
G
e
n
e
r
a
l
 
P
h
y
s
i
o
l
o
g
y
93 Magleby
three relatively independent Ca2  regulatory mecha-
nisms identiﬁed by mutations to the Ca2  bowl, D362/
D367 (or M513), and E374/E399 that remove all Ca2 
sensitivity for intact channels. The mutations that iden-
tify these three sites are located on the RCK domains
that are missing from the truncated channel, and there
is indirect evidence, summarized previously, suggesting
that at least two of these sites may bind Ca2 . In addi-
tion, swapping the tail of the BK channel (an RCK do-
main) with the tail from Slo3, a BK-like channel, has
pronounced effects on the kinetics (Schreiber et al.,
1998; Moss and Magleby, 2001). Thus, the observations
of Piskorowski and Aldrich (2002) that are the most dif-
ﬁcult to explain are that the Ca2  sensitivity and kinet-
ics of the truncated channels appear so similar to those
of wild-type channels. This is best seen in the single-
channel records and plots in their Fig. 2 (although they
also show a decrease in mean open time in their Fig. 3).
Since tampering with the RCK domains contained in
the  800 amino acids attached to S6 in the wild-type
channels can have such pronounced effects on the
Ca2  sensitivity and gating, as reviewed above, it is not
clear why the complete removal of all  800 amino ac-
ids in the truncated channels would have such little ef-
fect.
If the observations of Piskorowski and Aldrich (2002)
do arise from truncated channels that are not associ-
ated with any endogenous RCK-like domains, then
their ﬁndings would indicate that high afﬁnity Ca2 -
dependent gating for truncated channels does not re-
quire RCK domains or the gating ring that they form.
Such an observation does not exclude that RCK do-
mains and gating rings are key structures involved in
the Ca2 -dependent gating of intact channels, nor does
it exclude that the Ca2  binding sites for the three reg-
ulatory mechanisms are located on the RCK domains.
Perhaps two different systems, one associated with S0–
S6, and the other with the RCK domains provide Ca2 
regulatory mechanisms. Repeating all the same de-
tailed kinetic experiments and analysis on the trun-
cated channels that have been performed on the wild-
type channels, as well as searching for binding sites on
S0–S6 that have appreciable effects on the Ca2  sensi-
tivity could clarify which properties of the channel arise
from S0–S6 and which from the RCK domains. An-
other possibility is that truncating the channel may re-
veal a Ca2  regulatory system that is not functional in
wild-type channels (gain of function mutation).
Conclusion
Considerable progress has been made toward under-
standing the underlying basis for the Ca2  and voltage-
dependent gating of BK channels. To a ﬁrst approxima-
tion, the kinetic-gating mechanism appears consistent
with large multitiered, multistate models in which the
voltage sensors and three (or more) different types of
Ca2  sensors function relatively independently of one
another to facilitate the opening/closing transitions.
While such models with assumptions of independence
among the sensors can approximate the data, there is
experimental evidence suggesting some interactions
among the sensors. Unanswered questions for the ki-
netic-gating mechanism are the nature and types of in-
teractions. In addition, while it has been shown that the
large multitiered, multistate models can account for
the single-channel kinetics without an assumption of
independence, practically no work has been done to
determine whether the large multitiered, multistate
models with an assumption of independence can ac-
count for the single-channel kinetics.
Given a kinetic model, the next step is to relate the
kinetics (function) to structure. The voltage sensor ap-
pears to be associated with S4, but few experiments
have been done in BK channels (in contrast to other
K  channels) to relate movement of S4 to gating. This
is an area in need of attention. A model has been pre-
sented for the Ca2  regulation of a bacterial channel
(MthK), but the proposed low afﬁnity Ca2  binding site
in MthK appears to be in a different location in BK,
and the high afﬁnity regulatory sites in BK do not ap-
pear to be in MthK. While various sites have been
found in BK channels, which, when mutated, remove
the Ca2  regulatory systems, and Ca2  binding has been
measured for a proposed high afﬁnity site (the Ca2 
bowl), the gap in information between the proposed
sites and the induced conformational changes associ-
ated with gating for BK channels is wide indeed. Fi-
nally, recent experiments suggest that BK channels may
retain high afﬁnity Ca2 -sensitive gating when the en-
tire COOH terminus beyond S6 including all the struc-
tures crucial for the proposed Ca2 -dependent gating
mechanism of MthK, is removed. More experiments
will be required to fully exclude the possible contribu-
tions of endogenous proteins to the gating of the trun-
cated channel, to determine if truncating the channel
creates an artifactual gating mechanism or isolates a
true gating mechanism, and in either case, how the
Ca2  regulatory mechanisms that have been previously
localized by mutations to the severed tail domain inter-
act with those in the truncated channel.
As is often the case in the process of scientiﬁc discov-
ery, new questions continue to arise somewhat faster
than old questions are put to rest. How far is there to
go? If the physical, chemical, and biological principles
of channels were fully understood, it would be possible
to predict directly from the genomic DNA all of the in-
formation required to fully understand the structure
and function of the BK channel, including: the crystal
structure, selectivity, conductance, Po as a function of
Ca2  and voltage, all the various conformational statesT
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and their lifetimes, the rate constants for all the transi-
tions among the various states, and, of course, the de-
tailed single-channel kinetics for all possible experi-
mental conditions. With the need to understand hun-
dreds of different channels and thousands of potential
splice variants, and also the actions of multiple acces-
sory subunits, it will be essential to have the tools to cal-
culate structure and function, so it is not necessary to
spend decades of experimental work characterizing
each of the separate channel types and their individual
mechanisms. This can be a goal to be completed before
the end of the twenty-ﬁrst century, with the current re-
search contributing the essential scientiﬁc underpin-
ning necessary to develop such a quantitative ap-
proach.
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